Abstract Compound-specific isotope analysis (CSIA) is an important tool for the identification of contaminant sources and transformation pathways, but it is rarely applied to emerging aquatic micropollutants owing to a series of instrumental challenges. Using four different benzotriazole corrosion inhibitors and its derivatives as examples, we obtained evidence that formation of organometallic complexes of benzotriazoles with parts of the instrumentation impedes isotope analysis. Therefore, we propose two strategies for accurate δ 13 C and δ 15 N measurements of polar organic micropollutants by gas chromatography isotope ratio mass spectrometry (GC/IRMS). Our first approach avoids metallic components and uses a Ni/Pt reactor for benzotriazole combustion while the second is based on the coupling of online methylation to the established GC/IRMS setup. Method detection limits for on-column injection of benzotriazole, as well as its 1-CH 3 -, 4-CH 3 -, and 5-CH 3 -substituted species were 0.1-0.3 mM and 0.1-1.0 mM for δ 13 C and δ 15 N analysis respectively, corresponding to injected masses of 0.7-1.8 nmol C and 0.4-3.0 nmol N,
Introduction
The increasing contamination of water resources with organic micropollutants is a major environmental problem [1, 2] . Many of the synthetic chemicals that are currently introduced into the aquatic environment through human activity are relatively polar and therefore quite mobile [2] . Assessing the exposure of humans and the environment to aquatic micropollutants is challenging, however, because knowledge of degradation is often elusive and estimates on the amount of degraded contaminant can barely be obtained. Moreover, the widespread use of anthropogenic chemicals also leads to multiple contamination sources that are difficult to distinguish. It has therefore been proposed to use compound-specific isotope analysis (CSIA) to assess micropollutant degradation processes in individual micropollutants [3, 4] .
As has been shown for traditional organic contaminants such as chlorinated solvents, fuel additives, and explosives, CSIA is ideally suited to contribute to the fate assessment [3] [4] [5] [6] [7] . Conservative isotope signatures enable source apportionment while changing isotope signatures provide robust evidence for (bio)degradation and its pathways. However, to carry out CSIA using the typical instrumentation (i.e., gas chromatography coupled to isotope ratio mass spectrometry, GC/IRMS), a series of challenges have to be addressed. (a) GC/IRMS systems exhibit rather poor sensitivity requiring extensive sample enrichment, which can, in principle, lead to isotope fractionation artifacts [5, 6, 8] . (b) Many contaminants contain polar functional groups (alcohol, amino, or carboxyl groups, N-heteroatoms) that reduce their volatility and thermal stability thus compromising their analysis by GC/IRMS. (c) Some compounds are suspected to be converted incompletely to analyte gases (i.e., CO 2 and N 2 ) leading to high detection limits and inaccurate isotope ratio measurements [9] . (d) Finally, several micropollutants have the potential to form organometallic complexes that may hinder isotopic analysis due to the presence of metals (e.g., stainless steel, Cu, Ni, Pt) in commercial GC/IRMS systems.
In this study, we present an approach for CSIA of benzotriazoles, representing an important class of emerging micropollutants. Because benzotriazoles are mobile and persistent, they are widely found in rivers, lakes, and groundwater in the nanograms per liter up to the low micrograms per liter range [10] [11] [12] [13] [14] [15] . 1H-benzotriazole (1H-BT) and its methylated derivatives 4-methyl-benzotriazole (4-CH 3 -BT) and 5-methyl-benzotriazole (5-CH 3 -BT, which is often used in technical tolyltriazole mixtures including 4-CH 3 -BT) are high production volume chemicals with a worldwide annual production in the range of 9000 tons/year [16] . They are widely used as corrosion inhibitors in aircraft deicing and anti-icing fluids, cooling liquids, and brake fluids as well as for silver protection in dishwashing detergents [17, 18] . Benzotriazole and its derivatives also play an important role as synthetic auxiliaries in organic chemistry [19] and are used for UV stabilization in plastics [20] .
Knowledge of the processes governing benzotriazole transport and transformation in aquatic environments is, despite recent advances, scarce [21, 22] . CSIA can offer additional insight into mechanisms of transformation processes and could enable one to identify contaminant sources. It was therefore the goal of this study to provide methods for accurate, that is true and precise C and N isotope analysis of benzotriazoles by CSIA and to apply one of them for environmental analysis and supplier identification of benzotriazoles in dishwashing detergents. However, isotopic analysis of benzotriazoles by conventional GC/IRMS is challenging, because benzotriazoles are not only very polar but also exhibit low vapor pressures [13] and tend to form complexes at metal surfaces (e.g., with Cu alloys, [23, 24] ), so that interactions of benzotriazoles with metal-containing parts present in GC/IRMS systems can compromise isotopic analysis. We therefore evaluated two complementary approaches including (a) the replacement of metal parts in a typical GC/IRMS system (modified standard setup) and (b) the derivatization of benzotriazoles to less polar and more volatile products which do not form strong metal complexes (online derivatization). The modified standard setup was further investigated for CSIA of 1H-BT and three methylated benzotriazole species (1-CH 3 -/4-CH 3 -/5-CH 3 -BT) in environmental matrices and in dishwashing detergents. To this end, we tested the benzotriazole enrichment by solid-phase extraction (SPE) and its coupling to isotopic analysis in tap water, wastewater treatment plant effluent, and in activated sludge as well as in commercial dishwashing products.
Experimental section
A complete list of all used chemicals including abbreviations, purities, and suppliers, as well as a description of the sampling procedure at the wastewater treatment plant, is provided in the Electronic Supplementary Material (Table S1 ).
Solid-phase extraction
The performance of three commercially available SPE cartridges containing the three following adsorbent materials was compared with regard to purification and enrichment of benzotriazoles: (1) Oasis HLB (6 cm 3 cartridges, 200 mg; Waters, Milford, MA, USA), a reversed-phase sorbent, was used to retain neutral benzotriazole species (sample pH 2.0); (2) ENVI-Carb (Supelclean ENVI-Carb SPE tubes 6 cm 3 , 250 and 500 mg; Supelco; Bellefonte, PA, USA), a graphitized carbon material, was tested as an alternative sorbent for neutral benzotriazole species (sample pH 2.0); and (3) Oasis MAX (6 cm 3 cartridges, 150 mg; Waters, MA, USA), a mixed-mode anion exchange sorbent, was used to retain anionic benzotriazole species (sample pH 10.6). All SPE materials were evaluated with three different matrices, namely, tap water, wastewater treatment plant effluent, and activated sludge.
Depending on the used SPE sorbent, the pH of 100-mL sample was adjusted to 2.0 ± 0.1 with 1 M HCl or to 10.6 ± 0.1 with 5 % NH 4 OH. Samples were then spiked with benzotriazoles to obtain final concentrations of 0.5, 1.5, or 2.5 μM 1-CH 3 -BT and 1, 3, or 5 μM 1H-BT, 4-CH 3 -BT, and 5-CH 3 -BT, respectively. A blank was run under identical conditions except for the addition of benzotriazoles. All samples were filtered with 0.7 μm GF-F filters (glass microfiber filters, Whatman, 47 mm) after the addition of benzotriazoles and percolated through the conditioned cartridges with a flow rate of approximately 1 mL/min. Subsequently, the cartridges were washed with 4-5 mL water, dried for at least 1 h at room temperature and benzotriazoles were eluted with 10 mL of different organic solvents. Detailed SPE protocols are provided in Table S2 . For GC/MS analysis, extracts were evaporated at 30 • C under a gentle stream of N 2 to 1 mL and further diluted with ethyl acetate to obtain benzotriazole concentrations within the calibrated range of the instrument (8-40 μM) . GC/IRMS analysis required further solvent evaporation to achieve a final volume of 100 μL.
Domestic dishwashing detergents
Domestic dishwashing powders and tabs from 12 commercial products were crushed with a pestle, and varying amounts (10-100 mg) were dissolved in 100 mL nanopure water. Dissolution was achieved after 15 min of sonication. Subsequently, the pH of each sample was adjusted to 2.0 ± 0.1 with 1 M HCl, and samples were enriched by SPE using Oasis HLB cartridges. For GC/MS and GC/IRMS analysis, sample extracts were evaporated under a gentle flow of N 2 to 1 mL and 100 μL, respectively.
GC/MS analysis
Modified standard setup Concentration analysis of benzotriazoles was conducted with a GC/MS system (TRACE GC Ultra/TRACE DSQ EI 250, Thermo). Liquid samples (1 μL in ethyl acetate) were injected with a Combi PAL autosampler (CTC Analytics) in a split/splitless injector operated for 1 min in splitless and then in split mode with a split flow of 50 mL/min at a temperature of 200 • C. Helium was used as carrier gas at constant pressure (100 kPa). The Benzotriazoles were quantified with external calibration using seven standard mixtures containing the four benzotriazole species in concentrations ranging from 8 to 40 μM. The mass spectrometer was operated in the full scan mode (m/z 50-400).
Online derivatization of benzotriazoles Benzotriazole online derivatization by trimethylsulfonium hydroxide (TMSH) was carried out using the same GC/MS instrument, setup, and injector (at 230 • C) described above. Each single benzotriazole standard (1 mM in ethyl acetate) was mixed with TMSH in 50-fold excess (25 mM ethyl acetate) to obtain analyte concentrations of 40 μM. Benzotriazole derivatives were identified based on GC/MS retention times and mass spectra. Tentative derivatization efficiencies were estimated from the lowest detectable concentration of underivatized benzotriazole (c BT min ), and the theoretical concentration of benzotriazole injected with TMSH (c BT theoretical,TMSH ), as follows:
GC/IRMS analysis
Modified standard setup Analysis of δ 13 C and δ 15 N values of pure chemicals was carried out using a TRACE GC coupled to an isotope ratio mass spectrometer via a GC Combustion III interface (GC/IRMS 1, Thermo). C and N isotope analysis were almost identical, except for cryogenic trapping of CO 2 in liquid N 2 during δ 15 N measurements. The GC setup and the temperature program were identical to GC/MS analysis described in Section "Modified standard setup" except for the larger postcolumn inner diameter (320 μm). The self-made oxidation reactor consisted of a ceramic tube (1.5 mm OD, 0.55 mm ID, 32 cm length, Thermo) containing two nickel wires (diameter 0.1 mm, length 30 cm, purity 99.99 %, Alfa Aesar) and one platinum wire (diameter 0.1 mm, length 30 cm, purity 99.99 %, Goodfellow). The same Ni/Ni/Pt reactor (referred to as Ni reactor in the succeeding text) operated at 1000 • C was used for C and N isotope analysis. One Ni reactor was used throughout the study covering approximately 1200 measurements. After every measurement, the reactor was reoxidized for 20 min with a continuous O 2 stream at 1000 • C after optimum reoxidation times had been evaluated between 1 and 30 min (data not shown). For reduction of nitrogen oxides, a standard reduction reactor (Thermo) containing three wires of copper was operated at 650 • C.
C and N isotope ratios are expressed in the delta notation as δ 13 C and δ 15 N, respectively, (Eq. 2), in which the concentrations of heavy ( h E) and light ( l E) isotopologs of C and N (designated as element E) are reported relative to Vienna Pee Dee Belemnite and air, respectively.
To evaluate the trueness and precision of isotope measurements, the C and N isotope composition of four benzotriazole standards (1H-BT, 1-CH 3 -, 4-CH 3 -, 5-CH 3 -BT) was measured by an elemental analyzer (EA, Carlo Erba) coupled to an IRMS (EA/IRMS, Fisons Optima, Table S4 ). Trueness of isotope signatures, δ h E, is reported as deviation of the isotope ratio measurements by GC/IRMS (δ h E GC/IRMS ) from the reference isotope signatures of four in-house working standards (δ h E ref , Eq. 3). If not specified otherwise, isotope signatures are reported as arithmetic mean of triplicate measurements with 1 standard deviation (±σ ) as measure for instrumental precision.
Online derivatization approach For the online derivatization approach, a different GC/IRMS instrumentation (GC/ IRMS 2) was used that is described in detail in Reinnicke et al. [25] . Online derivatization of benzotriazole with TMSH was carried out using a programmable temperature vaporizer (PTV) injector (Optic 3-SC High Power Injection System, ATAS GL International B.V.) equipped with a large-volume glassbead liner (PAS Technology). Between 1 and 100 μL of a premixed solution with 0.8 mM 1H-BT (Fluka) and TMSH (250-fold excess) in methanol was injected via a GC Pal autosampler into the glassbead liner at 40 • C. Depending on the injected sample volume, a vent time between 30 s (for 1 μL) and 630 s (for 100 μL) was used with a split flow of 50 mL/min to remove the solvent (methanol). Subsequently, the split flow was set to 0 mL/min for 60 s (column flow 1.4 mL/min) and the injector was heated with a rate of 7 • C/s to 300 • C. The GC setup and the temperature program were identical to the GC/MS analysis described in Section "Modified standard setup." A commercially available Ni tube/NiO-CuO combustion reactor with a silcosteel capillary (Thermo) operated at 1000 • C was used for δ 13 C and δ 15 N analysis and was reoxidized after approximately 40 injections. For reduction of nitrogen oxides, a standard reduction reactor (Thermo) was operated for N isotope measurements at 640 • C. Isotope signatures for 1H-BT were calculated as follows using the isotope values of the derivatives (1-CH 3 -BT and 2-CH 3 -BT) and the corresponding peak areas of mass 28 or 44 (A 28 and A 44 ), respectively. The calculation of δ 13 C values for 1H-BT further required correction for the introduced carbon atom through methylation (δ 13 C EA,TMSH ).
Online derivatization approach vs. modified standard setup For method comparison, the online derivatization approach and the modified standard setup were implemented consecutively on the same GC/IRMS instrument. Therefore, GC/IRMS 2 that was used for the online derivatization approach was equipped with the same guard, chromatographic, and postcolumn as well as with the same self-made oxidation reactor than used in the modified standard setup. Between 1 and 100 μL benzotriazole standard compound in ethyl acetate (without TMSH) was then injected onto the GC column via the PTV injector which was heated with a rate of 5 • C/s to 230 • C.
Method detection limits Instrument linearity and method detection limits (MDLs) were determined from isotope ratio measurements of four benzotriazole working standards at different concentrations following the moving mean procedure proposed by Jochmann et al. [26] . Injected concentration ranges were 0.025-1 mM and 0.125-5 mM for δ 13 C and δ 15 N analysis, respectively. MDLs were determined using two different uncertainty intervals: (a) constant δ 13 C and δ 15 N intervals of ±0.5 and ±1 , respectively (referred to as MDL), and (b) variable intervals covering ±2σ of all data points used for the calculation of the moving mean (MDL 2σ ).
Results and discussion
Analytical strategies for CSIA of benzotriazoles by GC/IRMS Isotopic analyses of 1H-, 4-CH 3 -, and 5-CH 3 -benzotriazoles by standard GC/IRMS systems via on-column injection did not lead to detectable peaks even at high analyte concentrations (up to 15 mmol/L) while that of 1-CH 3 -benzotriazole was feasible (Fig. 1a) . Because the ability of benzotriazoles to form organometallic complexes requires nitrogen lone pair electrons [23, 24] , our observation suggests that interactions of 1H-, 4-CH 3 -, and 5-CH 3 -benzotriazoles with metal parts of the GC/IRMS system, in particular with Cu in the Cu/Ni/Pt-containing oxidation reactor, impede isotopic analysis. As shown in Fig. 1b , replacing stainless steel-containing parts by silicate-based ones (PressFit Connectors, PressFit XSplitter, Section "Modified standard setup") and removing Cu wires from the oxidation reactor enabled us to carry out CSIA of all four benzotriazole species. This approach is henceforth referred to as the modified standard setup which was, unless otherwise specified, implemented on GC/IRMS 1. Alternatively, as implied by the isotopic analyses of 1-CH 3 -benzotriazole, N-methylation on the triazole ring reduces interactions of the molecule with metal surfaces [24] and thus allows one to use Cu-containing, standard GC/IRMS systems for benzotriazole-CSIA. An example of such a derivatization using TMSH is shown in Fig. 1c-g and the isotope analysis of derivatized benzotriazoles is discussed in Section "Benzotriazole-CSIA using online derivatization". : a 1-CH 3 -BT was the only compound detected from a mixture of 1H-BT, 1-CH 3 -, 4-CH 3 -, and 5-CH 3 -BT by conventional isotope analysis with GC/IRMS systems containing a Cu/Ni/Pt oxidation reactor; b all four benzotriazoles were detected when the same mixture was analyzed using the modified standard setup containing a Ni/Ni/Pt oxidation reactor (GC/IRMS 1). GC/MS chromatograms (right) of c four underivatized benzotriazole species, d derivatization products of 1H-BT methylation with trimethylsulfonium hydroxide (TMSH) identified as 1-CH 3 -BT and 2-CH 3 -BT with standard compounds, e 1-CH 3 -BT, which was not further methylated upon derivatization, f derivatization products of 4-CH 3 -BT methylation, and g derivatization products of 5-CH 3 -BT. Molecular structures of derivatization products for 4-CH 3 -and 5-CH 3 -BT methylation are suggested based on mass spectrometric analyses without confirmation by standard compounds. Derivatization of 4-CH 3 -BT led to a third unidentified peak of low intensity C and N isotope analysis of benzotriazoles using the modified standard setup Reproducibility More than 1000 C and N isotope measurements of the four benzotriazole working standards were carried out with the modified standard setup. C and N isotope signatures were highly reproducible over the whole period of analysis (Table 1, Fig. S2 ). Even if long-term instrumental variabilities are included, good precisions (expressed as ±σ ) of ±0.6-1.0 (n = 79) for C and ±0.1-0.3 (n = 16 − 77) for N isotope analysis were achieved. Furthermore, δ 13 C and δ 15 N values were consistent with reference isotope values determined by EA/IRMS. The trueness was within ≤ +0.5 for C and ≤ −0.6 for N isotope measurements and was thus within typical uncertainties of ±0.5 and ±1 reported for GC/IRMS analysis of C and N isotope ratios, respectively [27] [28] [29] . δ 13 C signatures of 1-CH 3 -BT showed lower precision and a reproducible offset by −2.3 ± 1.8
(n = 15) possibly due to not fully optimized instrumental procedures at the beginning of the study. Notice the limited number of analyses owing to the depletion of our calibrated in-house standard for 1-CH 3 -BT. Further analysis of 1-CH 3 -BT with non-calibrated material nevertheless confirms the observed trends. C and N isotope signatures of 1-CH 3 -BT did not deviate by more than ±1.5 and ±0.3 from the mean of all measurements, and precisions were ±0.5 (n = 63) and ±0.1 (n = 58) for C and N isotope measurements, respectively.
Method detection limits for accurate isotope analysis
The performance of C and N isotope ratio measurements using the modified standard setup was determined as a function of injected benzotriazole concentration (Figs. 2 and S3 ). MDLs were then derived according to the moving mean procedure as the smallest analyte concentration level, for which isotope values were within predefined intervals covering the total analytical uncertainty [26] . Measures for the total analytical uncertainty of CSIA are typically ±0.5 for δ 13 C analysis of commonly measured compounds such as (chloro)hydrocarbons, but they are poorly constrained for micropollutants and especially for their δ 15 N measurements (±1 ) [6, 28, 30] . Therefore, we also calculated MDLs using an uncertainty interval of ±2σ representing our measurement's precision.
For δ 13 C analysis of benzotriazoles, MDLs of 0.1-0.3 mM (corresponding to 0.7-1.8 nmol C) were determined using an uncertainty interval of ±0.5 . Except for analysis of 1-CH 3 -BT, identical results were obtained if the Table 1 Trueness and precision (±σ ) of C and N isotope measurements of four benzotriazole working standards as well as δ 13 Table 2 ). MDLs for δ 15 N analysis of benzotriazoles were derived for uncertainty intervals of ±1 and ±2σ (Fig. 2b) . Due to very accurate N isotope measurements of benzotriazoles, MDLs of 0.125-0.25 mM (0.4-0.8 nmol N) coincided with the lowest measured concentrations and peak amplitudes and were, again, independent of the uncertainty definition. Only for δ 15 N measurements of 5-CH 3 -BT, a higher MDL 2σ of 1 mM (3.0 nmol N) was determined ( Table 2) .
Conversion efficiency
The accurate and highly reproducible C and N isotope signatures as well as low MDLs suggest an efficient conversion of benzotriazoles to analyte gases (CO 2 and N 2 ). To verify this hypothesis, we analyzed seven Cand N-containing in-house standards (n-alkanes, substituted aromatic amines, nitrobenzene, atrazine) with the modified standard setup. Conversion efficiencies were operationally defined as the slope of the linear regression between signal area of mass 44 and 28, respectively, per theoretical injected mass of C and N. Conversion efficiencies were derived Table 2 Method detection limits (MDL) for C and N isotope analysis of benzotriazoles with the modified standard setup (GC/IRMS 1) determined according to the moving mean procedure [26] with intervals of ±0.5 and 1 , respectively, and ±2σ . MDLs are expressed as injected benzotriazole concentration (mM) and as corresponding mass of injected C and N (nmol). Corresponding peak amplitudes are reported in mV δ 13 from analysis of 1.8 to 7.2 nmol C and 1.5 to 15 nmol N per substance, resulting in signal areas between 1 and 50 Vs and amplitudes ranging from 1.2 to 10 V (δ 13 C) and 0.09 to 3.4 V (δ 15 N), respectively. Figure 3 depicts the conversion efficiencies of the tested compounds to CO 2 and N 2 , respectively, grouped by substance class.
n-Alkanes are reported to be the most readily combusted and most completely converted to CO 2 [31] . Indeed dodecane showed the highest operational CO 2 -conversion efficiency (5.9 Vs/nmol C). Decane conversion efficiency, in contrast, only attained 82 % of the dodecane value. The comparison of combustion efficiency ranges suggests that benzotriazole conversion to CO 2 was also high. The four benzotriazole species showed operational conversion efficiencies between 3.7 and 5.0 Vs/nmol C, which corresponded to 62-85 % of the dodecane conversion efficiency (Fig. 3a) . All benzotriazole species were converted to a similar extent suggesting that the presence and position of a methyl substituent did not affect oxidation. Indeed, evidence for similar combustion properties of aliphatic and aromatic compounds has also been reported for n-hexane and toluene [32] . Moreover, the conversion of N-heterocycles seems favored over that of two aromatic amines (4-chloroaniline, diphenylamine), which only reached 35 % conversion to CO 2 . Given that δ 13 C values of all the N-containing compounds analyzed here can be determined accurately [30, [33] [34] [35] [36] , our data illustrate that a better conversion contributes to lower MDLs but is not prerequisite for accurate isotope analysis. N 2 -conversion efficiencies additionally support the conclusion that benzotriazoles were efficiently converted to analyte gases by the Ni/Pt reactor used in the modified standard setup. All benzotriazoles were most efficiently transformed to N 2 compared to amino and nitro groups in aromatic amines and nitrobenzene (Fig. 3b) . It is interesting to note that atrazine, which was successfully analyzed with a similar self-made Ni/NiO reactor operated at 1150 • C in previous studies [34] , could not be measured using the modified standard setup. We speculate that this result might be due to the lower reactor temperature used here (1000 • C).
Our comparison of conversion efficiency further underscores the need of standard materials and procedural guidelines for developing CSIA methods for organic micropollutants [6] . As illustrated here and shown previously [31, 37] , conversion efficiencies strongly depend on the type and temperature of the oxidation reactor. In addition, standard materials are required that can be used under very different chromatographic conditions on a wide variety of IRMS instruments.
Benzotriazole-CSIA using online derivatization
We explored the C-and N-CSIA of benzotriazoles using an online derivatization approach with a conventional Cu/Ni/Pt reactor as the alternative to the modified standard setup. As shown in Fig. 1 , derivatization with TMSH generates methylated benzotriazoles that do not show the same affinity to Cu and other metal-containing parts and thus can be analyzed in a conventional GC/IRMS system. As outlined in the methods section, derivatization requires one to reconcile isotope signatures measured for multiple methylation products (see tentative product identification in Fig. 1d , f, g) Ni/Ni/Pt reactor in the modified standard setup (GC/IRMS 1). Conversion efficiency is expressed as slope of the linear regression between theoretical injected amount of C or N and corresponding peak area except for 1-CH 3 -BT, which remained unchanged (Fig. 1e) . Unfortunately, GC/MS analysis revealed that benzotriazole methylation products have similar retention times than the other benzotriazoles investigated and co-elution would likely have compromised their isotopic analyses (Fig. 1d-g ). Therefore, the following comparison of the derivatizationbased approach with the modified standard setup focuses exclusively on 1H-BT. To enable a direct comparison of the modified standard setup and the derivatization approach, both methods were implemented on an identical instrument (GC/IRMS 2).
Comparison of the derivatization approach with the modified standard setup Accurate and reproducible δ 13 C and δ 15 N values were obtained with both approaches for 1H-BT (Fig. S4 ). Comparisons were made for the concentration range of 0.8-8 mM (derivatization approach) and 1-10 mM (modified standard setup), respectively (Fig. S5 ). δ 13 C values measured with the derivatization approach were of similar trueness (±0.5 of reference value) than data acquired with the modified standard setup except for concentrations below 2 mM, which, on that instrument (GC/IRMS 2), only yielded satisfactory results with the derivatization approach. Both approaches performed equally well for N isotope analysis for 1H-BT concentrations between 3.5 and 10 mM but δ 15 N values were slightly offset by −1 . Notice that in contrast to typical sample injection techniques (e.g., on column, split/splitless), the derivatization approach using the PTV injector enables one to inject variable sample sizes (1-10 μL) with constant excess of TMSH. This feature might be beneficial for benzotriazole analysis in environmental samples but was not explored further in this study. Data presented in the following sections were acquired with the modified standard setup implemented on GC/IRMS 1.
Solid-phase extraction of benzotriazoles coupled to GC/IRMS (modified standard setup)
We tested three different SPE sorbents and protocols to carry out C-and N-CSIA of benzotriazoles in different aqueous matrices, that is tap water, sewage treatment plant effluent, and activated sludge as well as in consumer products. The performance of different SPE sorbents was evaluated based on isotope fractionation, analyte recovery, and interferences from the sample matrix. Regardless of the materials and protocols chosen, no influence of the sample matrix on the analyte recovery was observed as reported earlier [38] .
(1) Best results were obtained using Oasis HLB cartridges that were preconditioned with hexane, ethyl acetate, methanol and water, and with sample pH values adjusted to pH 2. Using this optimized protocol (see Table S2 ), benzotriazole recoveries varied between 80 ± 4 % and 93 ± 5 % (Table S3 ) and no co-eluting substances interfered with the analytes. Notice that the latter was not the case if Oasis HLB cartridges had not been preconditioned with hexane so that interferences from the cartridge material compromised CSIA of 1-CH 3 -BT and 5-CH 3 -BT. Method-induced isotope fractionation, denoted as deviation δ 13 C and δ 15 N, was negligible regardless of the sample matrices used and was within the uncertainty of analysis (Table 3) . Generally, δ 13 C and δ 15 N values were slightly more negative than the reference value suggesting a preferential adsorption of heavy isotopologs. δ 13 C and δ 15 N values of 1H-BT, 4-CH 3 -BT, and 5-CH 3 -BT were within −0.3 ± 0.8 and −1.5 ± 0.5 . The deviation of the δ 13 C value of 1-CH 3 -BT (up to −2.6 ± 1.7 ) was almost identical to the offset from the reference value measured without SPE (Table 1) suggesting that this deviation did not originate from the enrichment procedure.
(2) Using ENVI-Carb cartridges, benzotriazole recoveries were high (80 ± 1 % to 121 ± 11 %) (Table S3) . However, co-eluting peaks impeded C isotope analysis of 1-CH 3 -BT and 1H-BT after enrichment from the sludge matrix (Fig. S1 ). ENVI-Carb cartridges are thus only suited for N-CSIA and C-CSIA of 4-CH 3 -BT and 5-CH 3 -BT. δ 13 C values of 4-CH 3 -BT and 5-CH 3 -BT and δ 15 N values of all four benzotriazoles, determined after enrichment of benzotriazoles from activated sludge, showed that isotope fractionation was again negligible and within the analytical uncertainty (Table 3) . (3) SPE with Oasis MAX cartridges, which was based on anion exchange at pH 10.6, led to only low benzotriazole recoveries between 47 ± 10 % and 90 ± 1 % in particular for 1-CH 3 -BT due to the lack of ionic interactions with the sorbent material. This option was therefore not considered as a viable strategy for benzotriazole enrichment.
Oasis HLB cartridges were chosen for benzotriazole enrichment prior to C-and N-CSIA, because analyte recoveries were high and neither isotope fractionation nor co-eluting substances were observed after solid-phase extraction. (Fig. 4a) . Notice that uncertainties of δ 15 N measurements were due to not fully optimized analytical procedures at the very beginning of this study and additional measurements would result in typical variations by ±2 . The observed variability of δ 15 N values can arise, in principle, from different precursor materials and/or isotope fractionation during benzotriazole production [40] . Figure 5 depicts reported benzotriazole production pathways. 2-Chloronitrobenzene (compound 1) is reacted with ammonia to 2-nitroaniline (2), which is then reduced to the benzotriazole precursor o-phenylenediamine (3) [41] . A ring closing diazotization reaction of o-phenylenediamine with nitrous acid in dilute sulfuric acid or with sodium nitrite and acetic acid leads to the formation of 1H-BT [41, 42] and −46 reported for the reduction of nitrobenzene to aniline [43] [44] [45] , however, indicate singlereaction steps during 1H-BT production to be strongly fractionating. The same reason is valid for 4-CH 3 -BT and 5-CH 3 -BT that are produced via the same pathway as 1H-BT (Fig. 5) . Indeed C isotope signatures were in the typical range of −24.8 to −30.6 , whereas N isotope signatures showed higher variations (Fig. 4b) .
Source apportionment of benzotriazoles
The variations of δ 15 N values imply that an identification of benzotriazole suppliers might be possible by N-CSIA, while δ 13 C data are less indicative. A comparison of two 1H-benzotriazoles from Aldrich also suggests that there may be variabilities between different production lots through the use of different raw materials or modifications in the production process (Fig. 4a) . Consequently, analysis of additional specimen from the same supplier will be necessary to confirm our interpretation. Table S6 ). Four specimens did not contain measurable concentrations of benzotriazoles (<0.01 mg/g from 100 mg of detergent).
Isotope signatures of benzotriazoles in domestic dishwashing detergents
δ 13 C of the detected benzotriazole species was confined to values between −25.6 and −27.5 ( Fig. 4c) , that is in the typical range for δ 13 C values reported for different benzotriazole suppliers (Fig. 4a, b) . Six out of seven 1H-BT- (5)) with nitrite in acidic solution [46] containing dishwashing detergents exhibited similar δ 15 N values between −3.0 and −7.1 . Only one tab (A3) had a distinctly different N isotope signature of −24.6 . Even though this sampling campaign was not based on a representative selection of dishwashing detergent manufacturers and retailers, a tentative source apportionment of benzotriazole supplies can be made from CSIA data. The δ 15 N data obtained for different dishwashing detergents cluster around −5 ± 2 suggesting a common origin. Based on the δ 15 N of 1H-BT in dishwashing detergents, their 1H-BT seems closely related to that produced by Ciba (−9.9 ) and Bayer (−8.8 ), while the δ 15 N of one dishwashing tab (A3) agrees with data for 1H-BT from Aldrich and Fluka (Fig. 4a, c) . The δ 13 C and δ 15 N values of tolyltriazole in dishwashing detergent F can also be tentatively related to 4-CH 3 -BT and 5-CH 3 -BT from Ciba (Fig. 4b, c) . We detected slightly more positive δ 15 N of benzotriazoles in dishwashing detergents compared to the pure chemicals. Based on our limited data set, it is currently unclear whether these differences arise from isotope fractionation during dishwashing detergent production or are an indication of benzotriazoles produced by other suppliers.
Isotope analysis of further aromatic, heterocyclic compounds
The applicability of our instrumental approach for the CSIA of benzotriazoles was tested with the analysis of additional, substituted aromatic N-heterocycles of similar molecular structures. Isotope signatures of chloromethyland methoxymethyl-benzotriazole as well as benzothiazole, indole, skatole, and quinoline are shown in Fig. 4d and corresponding isotope values are listed in Table 1 . 2-Aminobenzimidazole could not be analyzed while measurements of 1-hydroxymethyl-and 5,6-dimethyl-benzotriazole were successful for N isotopes only. In contrast to benzotriazoles, δ 13 C values of six aromatic N-heterocycles spanned over a larger range (−19.5 ± 0.1 to −32.6 ± 0.1 ) suggesting that in addition to benzene, alternative C-based precursor materials may have been used in synthesis. δ 15 N values partly matched the values of benzotriazoles from dishwashing detergents (+6.3 ± 0.2 and −5.7 ± 0.1 , Fig. 4d ) but were generally more enriched in 15 N than the pure benzotriazoles (Fig. 4a) . Note, however, that the range of chemicals investigated was rather limited and a more comprehensive study is needed to establish isotopic fingerprinting of these chemicals.
Environmental significance
Our study shows that the applicability of CSIA can be expanded towards more polar organic micropollutants through modifications of standard approaches to GC/IRMS. Because of the excellent long-term performance and good precision of Ni-based combustion reactors, this approach is likely to work equally well with other polar organic compounds such as nitro-and aminoaromatic compounds, whose isotopic composition is presently analyzed by conventional means [30, 47] .
The coupling of solid-phase extraction to the modified standard setup used here for the source apportionment of benzotriazoles in dishwashing detergents is an important first step towards analyzing this emerging class of micropollutants in aquatic systems. Given the limited knowledge of benzotriazole (bio)degradation pathways, our work provides the foundations for accurate measurements of isotope fractionation trends in laboratory experiments, which will enable the identification of transformation mechanisms [4, 7] . In addition, this study offers new avenues for further method development for benzotriazole-CSIA in environmental samples. Typical 1H-benzotriazole concentrations in groundwater, rivers, and sewage treatment plant effluents (0.2-2 μg/L [14, [48] [49] [50] ), however, illustrate that substantial preconcentration of up to 10 5 -fold will be necessary to reach MDLs proposed here. Optimizing SPE procedures for a selective benzotriazole enrichment from environmental samples is one of the major challenges of CSIA.
